The UDP-3-O-(R-3-hydroxyacyl)-N-acetylglucosamine deacetylase
LpxC is an essential enzyme of lipid A biosynthesis in Gramnegative bacteria and a promising antibiotic target. CHIR-090, the most potent LpxC inhibitor discovered to date, displays two-step time-dependent inhibition and kills a wide range of Gram-negative pathogens as effectively as ciprofloxacin or tobramycin. In this study, we report the solution structure of the LpxC-CHIR-090 complex. CHIR-090 exploits conserved features of LpxC that are critical for catalysis, including the hydrophobic passage and essential active-site residues. CHIR-090 is adjacent to, but does not occupy, the UDP-binding pocket of LpxC, suggesting that a fragment-based approach may facilitate further optimization of LpxC inhibitors. Additionally, we identified key residues in the Insert II hydrophobic passage that modulate time-dependent inhibition and CHIR-090 resistance. CHIR-090 shares a similar, although previously unrecognized, chemical scaffold with other small-molecule antibiotics such as L-161,240 targeting LpxC, and provides a template for understanding the binding mode of these inhibitors. Consistent with this model, we provide evidence that L-161,240 also occupies the hydrophobic passage.
lipopolysaccharide ͉ lipid A ͉ Aquifex aeolicus ͉ NMR T he development of novel antibiotics is essential to combat emerging drug-resistant infections that threaten medicine's nearly 70-year predominance over bacterial pathogens. One of the most promising novel antibiotic targets of Gram-negative bacteria is the biosynthetic pathway of lipid A (endotoxin), typically a hexa-acylated disaccharide of glucosamine and the major lipid component of the outer leaflet of the outer membrane (1) . Lipid A is the membrane anchor of lipopolysaccharide. It is an essential molecule that limits the diffusion of detergents and certain antibiotic compounds across the bacterial outer membrane (2) .
Although lipid A biosynthesis begins with the thermodynamically unfavorable acylation of UDP-N-acetylglucosamine catalyzed by LpxA ( Fig. 1) (3) , the committed reaction of the pathway is the irreversible deacetylation of UDP-3-O-(R-3-hydroxyacyl)-N-acetylglucosamine catalyzed by the zincdependent enzyme LpxC (4) . Inhibiting LpxC is lethal to Escherichia coli, and many LpxC inhibitors possess antibacterial properties, albeit with varying host ranges (5-7). CHIR-090 ( Fig.  1) , the most potent LpxC inhibitor described to date, controls the growth of E. coli and Pseudomonas aeruginosa in bacterial disk diffusion assays with an efficacy rivaling that of the commercial antibiotics ciprofloxacin or tobramycin (6) . In vitro, CHIR-090 effectively inhibits the activities of a large number of LpxC orthologs at low nanomolar concentrations, including those from the pathogens E. coli, Helicobacter pylori, Neisseria meningitidis, and P. aeruginosa; however, CHIR-090 is a relatively weak inhibitor of LpxC from Rhizobium leguminosarum (8) .
CHIR-090 is the first reported two-step, slow, tight-binding inhibitor of LpxC (6, 8) . In contrast to a conventional inhibitor that forms only a rapidly dissociating enzyme:inhibitor (EI) complex, a two-step time-dependent inhibitor rapidly forms an encounter (EI) complex, followed by a slow isomerization to a terminal complex (EI*, Scheme 1) (9-11). Because a slow tight-binding inhibitor frequently resides on its target enzyme with a longer half-life than a conventional inhibitor, even when substrate accumulates, slow-binding inhibitors are highly desirable (12) .
Extensive structural studies show that LpxC displays a novel ''␤-␣-␣-␤ sandwich'' fold, formed by two domains with similar topologies (13) (14) (15) (16) (17) (18) (19) (20) . Each domain consists of a layer of two helices packing against a ␤-sheet containing mixed parallel and antiparallel strands, and the overall structure is characterized by the ␣-helices of each domain sandwiched between the ␤-sheets. Additionally, each domain contains a unique insert, with Insert I of Domain I consisting of a small ␤-sheet and Insert II of Domain II consisting of a unique ␤-␣-␤ fold. LpxC binds the myristoyl chain of the hydroxamate-containing substrate-analog TU-514 within a hydrophobic passage that is largely formed by Insert II and a loop (␤1-␤2 loop) from Domain I (14, 15, 17) . The lining of this passage mostly consists of conserved hydrophobic residues, providing high-affinity binding for the acyl chain of the substrate, and potentially, for the diverse range of potent LpxC inhibitors (15, 20) .
Although previous structural studies of LpxC complexed with the substrate analog TU-514 or various weak-binding ligands have provided valuable insights into the mechanism of LpxC catalysis (14-17, 20, 21) , the molecular details of high-affinity antibiotic recognition by LpxC remain unclear. Here we report the solution structure of LpxC bound to the most promising antibiotic lead compound CHIR-090 and identify key molecular features that confer binding specificity and affinity. Based on structural information, we further identify key residues in the hydrophobic passage of Insert II that are critical for the timedependent inhibition of CHIR-090 and responsible for CHIR-090 resistance. Finally, we propose a consensus model for the recognition of structurally diverse inhibitors, which should facilitate the further improvement of antibiotics that target LpxC.
Results

Structure of the Aquifex aeolicus LpxC-CHIR-090
Complex. The LpxC-CHIR-090 complex was determined from 6,139 NOE, 643 dihedral angle, and 355 residual dipolar coupling constraints, and the binding interface was defined by 90 interfacial NOE constraints [supporting information (SI) Fig. 6 and SI Table 2 ]. The overall structure of LpxC in complex with CHIR-090 ( Fig.  2) is very similar to other LpxC structures previously reported, with an average rmsd value of the backbone atoms of 0.54 Å, suggesting that binding of CHIR-090 does not induce large conformational changes of the hydrophobic passage or the overall structure of LpxC.
CHIR-090 exploits several conserved and essential features of LpxC to form a tight-binding complex (Fig. 3) . These interactions can be divided into three distinct regions, as follows. Threonyl-hydroxamate group. Like many other LpxC inhibitors, CHIR-090 contains a hydroxamate moiety coordinating the catalytic zinc ion (17) . The binding of CHIR-090 is further strengthened through interactions with conserved hydrophilic and hydrophobic residues in the active site (Fig. 3) . The amide proton (H17) of the CHIR-090 threonyl group is Ͻ2.0 Å away from the essential hydroxyl of T179 (22) , with which it forms a hydrogen bond (Fig. 3) . The T179A mutant of LpxC is less sensitive to CHIR-090 inhibition and, unlike wild-type A. aeolicus LpxC, appears to be reversibly inhibited by CHIR-090 ( Fig.  3 C and D) . The threonyl methyl group of CHIR-090 forms van der Waals (vdW) contacts with the aromatic ring of F180 (Fig.  3B) , a residue that is likewise conserved and required for efficient catalysis (22) . The threonyl hydroxyl oxygen atom of CHIR-090 is located within 3.5 Å of the absolutely conserved 
CHIR-090
In s e r t I residues H253 (N2) and D230 (O␦2). Both the D230 carboxylate and the positively charged H253 imidazole group (15) are well positioned to form hydrogen bonds with CHIR-090. Although the side-chain -amino group of K227 (which is part of the unique HK⌽⌽D motif of LpxC) is not well defined in the NMR-derived (NMR) ensemble, the distance from these amine protons to the CHIR-090 threonyl hydroxyl oxygen atom, varies from 2.8 to 5.7 Å. K227 is therefore another potential hydrogenbonding partner for the CHIR-090 hydroxyl group. The carbonyl oxygen (O16) of CHIR-090 does not appear to be specifically coordinated by LpxC. The biphenyl acetylene unit. The biphenyl acetylene moiety of CHIR-090 inserts into the LpxC hydrophobic passage near the active site and protrudes from the opposite end of this passage ( Fig. 3A) , similar to TU-514 and fatty acids (14, 15, 20) . Extensive interfacial NOEs are observed between CHIR-090 and residues within the passage, including I18, I186, I189, G198, L200, T203, and V205, many of which are conserved as either a methyl-containing and/or hydrophobic residue ( Fig. 3 and SI Fig.  6 ). Within the hydrophobic passage, the CHIR-090 aromatic rings are not coplanar but are offset by a Ϫ25°dihedral angle. Analysis of space-filling models of CHIR-090 and LpxC reveals highly complementary surfaces.
The morpholine unit. The distal end of the LpxC hydrophobic passage opens at the surface of the protein, forming part of a shallow hydrophobic pocket that is offset to one side of the hydrophobic passage. The morpholine ring of CHIR-090 is positioned at an Ϸ110°angle relative to the long axis of the biphenyl acetylene moiety and fits into this shallow hydrophobic pocket. In most models, the morpholine ring adopts a boat conformation and lies flat, with one face against the LpxC surface and the other face exposed to solvent. Minor conformations, such as chair or twisted chair, are also present in the NMR ensemble. The presence of strong NOEs between the morpholine ring and methyl groups of I186, L200 and V205, as well as Y212, indicates that the morpholine ring is bound through hydrophobic interactions (Fig. 3) . The morpholine ring does not appear to be coordinated by hydrogen bonding, despite the potential hydrogen bond accepting O and N atoms. (8) . LpxC from R. leguminosarum (43% amino acid sequence identity to E. coli LpxC) is orders of magnitude less sensitive to CHIR-090 (680-fold) than E. coli LpxC and is not inhibited by CHIR-090 in a time-dependent manner.
Any amino acids responsible for this striking decrease in affinity are likely located within the inhibitor-binding site. By aligning the sequences of five CHIR-090-sensitive and four -insensitive LpxCs, we identified two residues within Insert II surrounding the hydrophobic passage that are significantly different between these two categories (Fig. 4A) . The most compelling difference is the presence of a Ser residue in the CHIR-090-insensitive proteins (S214 of R. leguminosarum LpxC), which is Gly in the CHIR-090-sensitive proteins (G210 of E. coli and G198 of A. aeolicus LpxC). Additionally, a Trp residue is found in the CHIR-090-insensitive proteins (W206 of R. leguminosarum LpxC), whereas variable residues with smaller side chains (Gln, Lys, or Arg) predominate in the CHIR-090-sensitive proteins (Q202 of E. coli and K190 of A. aeolicus LpxC).
Homology modeling of R. leguminosarum LpxC using XLOOK (23) suggests that the side chain of S214 of R. leguminosarum LpxC would partially occlude the hydrophobic passage and introduce a hydrophilic moiety not present in A. aeolicus LpxC (Fig. 4B) . Assuming that CHIR-090 binds within the R. leguminosarum LpxC passage in a manner that is similar to the mode observed for A. aeolicus LpxC, the hydroxyl group of S214 (in every possible side-chain rotamer) would severely clash with the inhibitor. Unlike S214, W206 of R. leguminosarum LpxC would not clash with CHIR-090 (Fig. 4B) ; however, the presence of a bulky Trp residue would severely restrict the conformational space of Insert II and narrow the exit of the hydrophobic passage.
To investigate the role of these two residues in LpxC inhibition, the appropriate single and double mutants of E. coli and R. leguminosarum LpxC were overexpressed, purified, and analyzed for catalytic activity. E. coli LpxC was chosen as a representative CHIR-090 sensitive enzyme, considering the variety and potency of available E. coli LpxC inhibitors (5, 7) and the fact that L-161,240 and BB-78485 do not inhibit A. aeolicus LpxC.
All mutant enzymes displayed typical Michaelis-Menten kinetics (SI Table 3 ). The sensitivity of each enzyme to CHIR-090 inhibition was evaluated with an enzyme activity assay in the presence of CHIR-090. The activity of R. leguminosarum LpxC was reduced by Ϸ50% in the presence of 0.5 M CHIR-090 (Fig.   4C) ; however, the activity of both the S214G and W206Q/S214G mutant proteins was completely inhibited under the same conditions (Fig. 4 D and E) . No evidence of time-dependent inhibition was observed in assays with either the wild-type or mutant R. leguminosarum LpxCs (data not shown). IC 50 experiments determined that R. leguminosarum LpxC S214G is 100-fold more sensitive to CHIR-090 than the wild-type enzyme, with a K i of 3.5 Ϯ 2.3 nM; a similar result was observed for the W206Q/S214G mutant with a K i of 3.0 Ϯ 1.4 nM ( Table 1) .
The opposite trend was seen for the mutants of E. coli LpxC. The activities of wild-type and single mutants of E. coli LpxC were inhibited Ͼ75% by 4 nM CHIR-090 (wild type in Fig. 4F ; single mutant data not shown), but the LpxC double-mutant Q202W/ G210S was significantly less sensitive to CHIR-090 (Fig. 4G) . Importantly, CHIR-090 was no longer a time-dependent inhibitor of the E. coli LpxC double mutant, as judged by an analysis of reaction progress curves (Fig. 4G) and a preincubation/dilution experiment (8) (data not shown), suggesting that the slow-binding complex was not formed. Therefore, we designate the terminal E. coli LpxC Q202W/G210S-CHIR-090 complex ''EI'' with an equilibrium dissociation constant K i . The K i (5.0 nM) for the double mutant Q202W/G210S of E. coli LpxC is 10-fold greater than the equilibrium dissociation constant (K* i of 0.5 nM) of the slowly forming wild-type E. coli LpxC-CHIR-090 EI* complex (Table 1) , but it is nearly identical to the K i (4.0 nM) of the wild-type LpxC-CHIR-090 encounter complex (EI) (8) . (7) and BB-78485 (5), reveals striking, although previously unrecognized, similarities (Fig. 5A) . These compounds share a hydroxamate moiety, which is necessary to coordinate the catalytic zinc ion, and, continuing away from the hydroxamate, a chiral carbon. Different moieties are attached to the chiral carbon at either the R 1 or RЈ 1 positions. L-161,240 and BB-78485 have bulky substitutions at R 1 and a proton at RЈ 1 , and these compounds are thus R enantiomers (Fig. 5A) . CHIR-090, which is an S enantiomer containing an L-threonyl moiety, has a proton at R 1 and the threonine side chain at RЈ 1 .
Adjacent to the chiral carbon, each compound contains a nitrogen atom, which may be an amide (CHIR-090), a sulfonamide (BB-78485), or nitrogen in an oxazoline ring (L-161,240). The CHIR-090 amide proton forms a hydrogen bond with the T179 hydroxyl group, and the coordination of BB-78485 is likely similar. Although L-161,240 does not have a hydrogen-bond donor at this position, the nitrogen in the oxazoline ring could accept a hydrogen bond from the T179 hydroxyl or the nearby F180 amide. The next similar position is either a sulfur or carbon atom, followed by the R 2 substitution, which includes an aromatic ring in each of these compounds (Fig. 5A ). According to our binding model, R 2 substituents are positioned to insert into the hydrophobic passage of LpxC. This analysis predicts that the substituted phenyl group of L-161,240 and the naphthalene group adjacent to the sulfonamide of BB-78485 likewise occupy the LpxC hydrophobic passage.
Mutations in the LpxC Insert II region, previously shown to alter the sensitivity of LpxC to CHIR-090 inhibition, similarly affected the binding affinity of L-161,240 and BB-78485 ( Table  1 ), indicating that Insert II is a critical component of LpxC binding to L-161,240 and BB-78485. However, the effect of the mutations is much less pronounced, presumably because the shorter R 2 groups of L-161,240 and BB-78485 do not penetrate as deep as CHIR-090 into the hydrophobic passage.
Supporting the activity measurements, selective saturation of the terminal methyl group of the propyl substituent of L-161,240 bound to E. coli LpxC resulted in attenuation of amide resonances from F192, G193, G209, G210, S211, D213, C214, and A215, suggesting that these residues are located in close proximity to the L-161,240 propyl terminus (Fig. 5B ). Because these residues are located within Insert II, this magnetic resonancebased measurement provides experimental evidence to position the L-161,240 propyl group within the hydrophobic passage of E. coli LpxC.
Discussion CHIR-090 is the most potent LpxC inhibitor discovered to date, displaying the broadest range of Gram-negative antibiotic activity (6, 8) . The high affinity of CHIR-090 for LpxC is likely due to three factors in addition to its chelation of the active site zinc ion: its shape, rigidity, and hydrophobicity.
The surface of CHIR-090 is highly complementary to the ''L''-shaped hydrophobic passage of LpxC. The biphenyl acetylene moiety of CHIR-090 is similar in size and shape to the acyl chain of the substrate analog TU-514 and to the various fatty acids that can occupy the passage (14, 17, 20) . The rigid structure of CHIR-090 likely contributes to the high-affinity interaction, because the loss of conformational entropy upon binding is significantly reduced compared with the flexible acyl chaincontaining compounds, like TU-514. Most of the protein-CHIR-090 interface is characterized by hydrophobic interactions within the Insert II passage. Because the hydrophobic nature of this passage is strictly conserved among diverse LpxC orthologs, disrupting these CHIR-090-LpxC interactions is expected to impact the binding of the natural substrate negatively, thereby reducing catalytic activity.
LpxC active-site residues that interact with CHIR-090 are also highly conserved and required for efficient catalysis (21, 22, 24) . CHIR-090 specifically coordinates the conserved side-chain hydroxyl of T179, which is occasionally substituted with Ser in some orthologs. H253 and D230 are absolutely conserved across all known LpxC orthologs, and F180 is infrequently substituted with Tyr.
CHIR-090's exploitation of highly conserved LpxC features may partially explain the extremely low incidence of spontaneous resistance compared with L-161,240 and BB-78485 (5, 8) .
The tandem Q202W and G210S mutations of E. coli LpxC, containing R. leguminosarum LpxC residues at the corresponding positions, abolished the slow tight-binding kinetics of CHIR-090 seen with the wild-type enzyme. Although the hydrophobic passage, which largely consists of Insert II and the ␤1-␤2 loop (Fig. 4) , appears rigid in our structure, this fixed architecture does not permit the binding of CHIR-090 without major conformational changes. Evidence for conformational exchange of Insert II among multiple states has been reported (14) , suggesting that binding and release of the substrate may be accompanied by alternation between closed and open conformations of the enzyme during catalysis. Such an open conformation may also be required to permit insertion of CHIR-090 into the hydrophobic passage.
Our data further suggest that Insert II is critical for timedependent inhibition. The structural basis for time-dependent inhibition likely originates from the rigidity of CHIR-090, which may allow for the rapid formation of an encounter (EI) complex (Scheme 1), involving zinc coordination by CHIR-090, a loose interaction between CHIR-090 and the enzyme, and a partially structured hydrophobic passage. The subsequent slow step of CHIR-090 binding to LpxC may require the reorganization of Insert II around the rigid CHIR-090 molecule, forming the tight-binding complex. Supporting this interpretation, the affinity of the double-mutant E. coli LpxC toward CHIR-090 (K i ϭ 5.0 Ϯ 1.7 nM) is nearly identical to that of the rapidly forming encounter complex of the wild-type enzyme (K i ϭ 4.0 Ϯ 1.0 nM). This finding suggests that the Q202W and G210S mutations disrupt the final complex but have a negligible effect on the formation of the initial encounter complex. Time-dependent behavior has not been observed with substrate-analog inhibitor (TU-514) binding, despite the fact that the acyl chain of TU-514 occupies the same hydrophobic passage as the biphenyl acetylene moiety of CHIR-090. The inherent flexibility of the TU-514 acyl chain may permit additional conformational adjustments during the reorganization of Insert II, which are not accessible with CHIR-090. Taken together, our data suggest that both the conformational dynamics of Insert II and the rigidity of CHIR-090 are critical components of time-dependent inhibition.
This structure of the LpxC-CHIR090 complex suggests two solutions to improving the potency of CHIR-090. First, the CHIR-090 threonyl group is located adjacent to, but does not occupy, the UDP-binding pocket, which is common to all LpxC orthologs (Fig. 3E) (16) . Analysis of the UDP pocket reveals conserved hydrogen bond donors and acceptors, as well as hydrophobic surfaces that might be readily accessed by a CHIR-090 analog. Thus, expanding the binding area of CHIR-090 to the UDP site may be an effective means to improve potency. Second, the CHIR-090 morpholine unit could be improved to enhance inhibitor binding to LpxC by reducing the conformational heterogeneity of this relatively flexible moiety.
In summary, our data suggest that the long, rigid nature of CHIR-090 and the interaction with the LpxC Insert II region of the hydrophobic passage are critical to potency and time dependency. These observations suggest a consensus-binding model for other potent LpxC inhibitors. Future structural studies of other LpxC orthologs and unliganded A. aeolicus LpxC will provide additional insights into the mechanism and design of broad-spectrum Gramnegative antibiotics targeting the lipid A pathway.
Methods
Materials and Reagents. Unlabeled and isotopically enriched CHIR-090 and the R/S mixture of BB-78485 (of which only R is an inhibitor) were prepared at the Duke University Small Molecule Synthesis Facility according to published procedures (5, 25) . The R enantiomer of L-161,240 was synthesized as described (26) . Stable isotopes were purchased from Cambridge Isotope Laboratory. Pf1 filamentous phage was purchased from ASLA.
Sample Preparation. A plasmid encoding wild-type A. aeolicus LpxC lacking the eight C-terminal amino acids and containing a C181A mutation was prepared by using the QuikChange site-directed mutagenesis kit (Stratagene) from cloned A. aeolicus LpxC (26) . LpxC protein was expressed and purified as described (14) . Con-centrated LpxC was exchanged into 25 mM sodium phosphate (pH 7.0) and 100 mM KCl. CHIR-090 was dissolved in DMSO and added to the protein solution such that the final DMSO concentration was 5% (vol/vol). The LpxC-CHIR-090 complex was incubated at 45°C for 4 days to obtain a homogenous sample. Excess CHIR-090 (1.2-to 1.5-fold) was used to prepare the sample to ensure formation of the LpxC-CHIR-090 complex. DMSO and unbound CHIR-090 were removed using a Sephacryl S-200 HR column (GE Healthcare). NMR samples contained 0.8-1.0 mM LpxC-CHIR-090 complex.
NMR Spectroscopy and Structure Calculation. All NMR experiments were performed at 45°C on Varian INOVA 600 and 800 MHz spectrometers equipped with cold probes. Data were processed using NMRPIPE (27) and analyzed with XEASY/CARA (28) . Details about the specific NMR-based experiments may be found in SI Text.
Initial structures were calculated using the combined input of automated analysis implemented in CYANA 2.1 (29) and manual assignment. The structures were then refined against residual dipolar couplings using XPLOR-NIH (30) . Zinc coordination was restrained with two hydroxamate atoms (O22 and O24 of CHIR-090) and three residues of LpxC (H74, H226, and D230) based on recent crystallographic evidence (17) , but the orientation of the hydroxamate group was allowed to float in the calculation. Twenty-five models of the LpxC-CHIR-090 complex with no NOE violations Ͼ0.5 Å and no dihedral angle violations Ͼ5°were calculated and evaluated by MOLPROBITY (31) . Structure figures were generated by using PyMOL (DeLano Scientific), unless otherwise noted.
Kinetic Analysis of Mutant LpxC Activities. Plasmids encoding mutant E. coli LpxC and R. leguminosarum LpxC (8) were generated by using the QuikChange kit (Stratagene) from wild-type E. coli LpxC and R. leguminosarum LpxC and verified by DNA sequencing (Duke University DNA Analysis Facility). Wild-type and mutant proteins were expressed, purified, and assayed as described (8) . LpxC activity assays contained 5 M UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine, unless otherwise noted. K M and k cat values were determined by using data sets containing multiple independent experiments. The K i values were determined by varying inhibitor concentration while maintaining 10% DMSO in the assay. An IC 50 curve was fit to the fractional activity (v i /v o ) data, and a K i value was determined by using the Cheng-Prusoff relationship (32) . Standard IC 50 experiments were performed with those proteins not inhibited by CHIR-090 in a time-dependent manner (8, 33) . Because BB-78485 (R/S) used in our assays is a racemic mixture, the reported K i values refer only to the active (R) enantiomer with the assumption of an R:S ratio of 1:1.
NMR of E. coli LpxC. Using a uniformly 2 H-and 15 N-labeled protein, a saturation-transfer difference (STD) 1 H- 15 N HSQC experiment (34) was used to identify E. coli LpxC amide protons close to the propyl-methyl group of L-161,240 by selectively saturating the compound signal. The identities of the saturationtransfer-attenuated amide resonances were assigned from tripleresonance experiments of the E. coli LpxC -L-161,240 complex (A.W.B. and P.Z., unpublished work).
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pnas.0709412104, the authors note that Fig. 4 appeared incorrectly. In Fig. 4A , in the E. coli LpxC sequence, the residues ''QSTGLCLGG'' should instead appear as ''QSRGLCLGG.'' Additionally, Fig. 4G was mislabeled. These errors do not affect the conclusions of the article. The corrected figure and its legend appear below. E. coli wt
